Experiments were designed to compare the transcriptional response to ionizing radiation (IR) of wild-type (WT) and ataxia telangiectasia (AT) cells. mRNA levels were assessed 2, 4 and 24 h after exposure to equitoxic doses using cDNA microarrays. Data reveal distinct patterns of gene expression between AT and WT cells since IR-responsive genes were mostly cell-type specific, this group representing 87 and 94% of the responding genes in WT and AT cells, respectively. In both cell lines, transcriptional alterations of genes associated with proliferation correlated with the observed cell cycle and growth data. Deregulated genes involved in apoptosis suggest that wild-type cells were more prone to cell death by apoptosis than AT cells. Furthermore, genes associated with the response to oxidative stress were particularly deregulated in wild-type cells whereas alterations of genes related to unexpected pathways including RNA processing, protein synthesis and lipid metabolism were specifically found in irradiated AT cells. These data suggest that under radiation conditions leading to a similar survival of WT and AT cells, the mechanisms triggered after radiation were mainly dependent on ATM status and thus on the intrinsic radiosensitivity.
INTRODUCTION
Exposure of cells to ionizing radiation (IR) induces a spectrum of DNA and non-DNA lesions, both being able to stimulate sensor proteins that signal the presence of damage. The tight regulation of transcriptional and post-transcriptional events that are then activated will determine the cell's fate and insure the maintenance of genetic integrity of daughter cells. 1) The ataxia telangiectasia mutated (ATM) protein, a serine/ threonine kinase, is a damage sensor which has been shown to play a central role in the cellular response to radiation. Loss of ATM function is responsible for the hereditary disease ataxia telangiectasia (AT) characterized by progressive neurodegeneration, premature aging, immunodeficiency, extreme sensitivity to IR, chromosomal instability and high predisposition to cancer. 2) The pleiotropic nature of AT syn-drome implies that ATM kinase is involved in the regulation of numerous pathways triggered by genotoxic stress. 1) Activation of ATM protein that specifically occurs in the presence of DNA double-strand breaks (DSB) leads to the phosphorylation of multiple proteins involved in the surveillance systems: the cell cycle checkpoints that halt the cellular proliferation to prevent replication of damaged cells, DNA repair pathways and apoptosis which eliminates heavily damaged cells. 1) Loss of ATM function leads to defective control of the cell cycle progression characterized by a disrupted G1 checkpoint, 3) absence of S-phase arrest (radioresistant DNA synthesis) 4) and a deficient early G2/M phase coupled with a late G2/M block resulting in an accumulation of cells in G2 phase. 5) As reported recently, the extreme sensitivity of AT cells should be related to higher levels of longlived unrepaired DSB despite DSB repair kinetics within the first hours post-irradiation similar to those seen in wild-type cells. 6) Besides its function in the DNA damage response, a broader role for ATM in signalling is suggested by data showing the participation of ATM in response to insulin, 7) PHA, 8) and EGF. 9) Moreover, the cytoplasmic localization of ATM protein to clathrin-coated vesicles and peroxisomes suggests a role in protein trafficking. 10, 11) In this context, one can expect that deficient activation of pathways other than cell cycle checkpoints, apoptosis and DNA repair could contribute to the extreme radiosensitivity of AT cells.
Experiments were thus designed to get a global picture of the ATM-dependent pathways triggered in response to radiation by comparing the gene expression profiles from wildtype and ATM-deficient lymphoblastoid cells exposed to equitoxic doses of radiation. Analysis of the time-dependent alterations of gene expression shows that the vast majority of the IR-responsive genes were cell type-specific, suggesting that radiation triggered different molecular pathways according to ATM status. Differences in the radio-induced transcriptional changes reveal that unexpected biological functions were altered specifically in AT cells, including RNA processing, protein synthesis and lipid metabolism.
MATERIALS AND METHODS
Cell culture and irradiation conditions LLD43 (WT) and LLD121 (AT) human lymphoblastoid cell lines (kindly provided by B. Malfoy, Institut Curie-CNRS, UMR 147, Paris, France) have been established from lymphocytes from a healthy donor and a homozygous AT patient, respectively, after transformation with Epstein-Barr virus. 12) Sequencing analyses carried out in the laboratory reveal that these cells display a wild-type p53 genotype. These cells were grown in RPMI 1640 culture medium containing 1% GlutaMAX 1 TM , 0.02 g/l gentamicin (Invitrogen, France) and 10% (WT) or 15% (AT) foetal calf serum (FCS) (Invitrogen, France) at 37 ° C and 5% CO 2 . Doubling times for WT and AT were 34 h and 55 h, respectively. Other cell lines, including T-47D and MCF-7 cells (breast carcinoma cell lines), A549 cells (lung carcinoma cell line) and Boleth cells (lymphoblastoid cell line) were used to prepare the reference RNA for transcriptome experiments. T-47D and MCF-7 cells were maintained in Dulbecco's modified Eagle medium containing 4.5 g/l glucose, 0.11 g/l sodium pyruvate, glutamate (GlutaMAX 1 TM ), pyridoxine, penicillin, streptomycin and amphotericin B and 5% (FCS), (Invitrogen, France). A549 and Boleth cells were grown in RPMI 1640 culture medium containing 10% FCS, 2 mM L-glutamine and supplemented with 2.5 mM sodium pyruvate and 20 mM HEPES for Boleth cells.
WT and AT cells were plated at a density of 0.4 × 10 6 cells/ml and 0.5 × 10 6 cells/ml, respectively, 24 h before irradiation, at a dose rate of 1.94 Gy/min, using a 137 Cs source (IBL 637, CIS biointernational, France). Cells were cultured for 5 days after irradiation with dilution with fresh medium on day 3.
Growth assay and cell cycle analysis
At specific times after irradiation, viable /dead cells were scored using the trypan blue dye exclusion assay (at least 250 cells / sample). For cell cycle analysis, cells were fixed at 8, 24, 48 and 72 h post-irradiation in 75% cold ethanol and stained in PBS buffer containing 25 µ g/ml propidium iodide (Sigma, France) and 50 µ g/ml RNase A (Roche Diagnostics, France) for 30 min at 37 ° C. Samples were analyzed by flow cytometry (FACScalibur, Becton Dickinson, France) after exclusion of cell debris and doublets. Cell cycle distributions were fitted using Modfit software (Verity, Becton Dickinson, France).
RNA extraction, cDNA labelling and microarray hybridization
Cells were harvested prior to irradiation (0 h) and 2, 4 and 24 h after exposure to 4 Gy for WT and 1 Gy for AT cells. Total RNAs were prepared using RNAplus TM according to the manufacturer's protocol (QBiogene, France) and then amplified using MessageAmp TM aRNA Kit (Ambion). Each experimental RNA sample was differentially hybridized onto the array versus a reference RNA, 13) consisting of a mixture of total RNA from T-47D, MCF-7, A549 and Boleth cells (1:1:1:1). For each competitive hybridization, cDNAs were generated by reverse transcription (RT) using 5 µ g of amplified RNA (aRNA) from the experimental RNA sample and the reference RNA and then labelled with either Cy3-dUTP or Cy5-dUTP as described, previously. 14) Each control and irradiated samples were thus hybridized twice with the reference RNA (dye-swap).
Data analysis
cDNA microarrays from the Service de Génomique Fonctionnelle (SGF, CEA, Evry, France) include a set of 5,664 cDNA clones from the Soares human infant brain 1 NIB library (generous gift of Genethon) 15) and a set of 2,332 RT-PCR products. The latter (300 to 800 base pairs) were obtained after amplification using specific PCR primers, purified and checked for quality, size and concentration after agarose gel electrophoresis using Genetools software (Syngene, VWR, France). PCR products were arrayed on CMT-GAPS silane-coated slides (Corning) using the Microgrid II pro arrayer (Biorobotics Ltd, France). These home-made microarrays have been already used in previous studies and a complete description of the arrays as well as the hybridisation protocol have been deposited into the GEO public database (www.ncbi.nlm.nih.gov/geo/, accession number : GSM22167). 14, 16) Arrays were scanned using a two-colour laser confocal scanner (GMS 418, Genetic Microsystems, France) and independent images were acquired for Cy3 (532 nm) and Cy5 (635 nm). Image analysis was performed as described previously. 14) As the result of the dye-swap hybridization, four intensity values were obtained for the two independent co-hybridizations of an experimental sample RNA with the reference RNA (Ref), each of them being twice labelled with either Cy3 or Cy5. This allows assignment of a reproducibility factor (Rf) to the expression ratio Exp/Ref, for each probe and sample. Expression ratios were normalized by taking into account the distribution of the ratios of all probes on the array, using a locally developed software as previously described. 14) Briefly, data were normalized according to the set of non-differentially expressed genes as described by Tseng et al . 17) and local errors were corrected according to a Lowess adjustment. 18) A total of 3790 probes with an Exp/ Ref ratio associated with a Rf > 0.5 (insuring that the two measurements are reproducible for each experimental point) were taken into account, for both cell lines. In order to identify genes which were differentially expressed over the timecourse (0, 2, 4, 24 h), a vector was assigned to each experimental sample. This vector was defined by the 4 coordinates corresponding to the Exp/Ref ratios obtained for each time point. The Exp/Ref ratios were expressed in Napierian logarithms and the data were organized in an N*P matrix, where the N lines and the P columns represented the probe numbers and the time points, respectively. Each line of this matrix was centred on the average of the vector. To determine the significance threshold of variation of each profile over time, the maximum of each vector line, i.e. the coordinate which most deviated from the average, was calculated. The distribution function of these maxima was established and the inflection point of the graph defined the significance threshold for which the Exp/Ref ratios were different from the baseline of all profiles (p < 0.05). Clustering identified a subset of 924 probes with invariant expression profiles in both non-irradiated AT and WT cells. Among these 924 probes, a total of 372 genes displayed changes in expression level following irradiation, compared with baseline (p < 0.05).
Quantitative real-time RT-PCR
RT-PCR was performed with an ABI Prism 7300 detection apparatus (Applied Biosystems, France), using the SYBR Green PCR Core Reagent kit (Applied Biosystems, France) or the Taqman Universal Master Mix according to the recommendations of the manufacturer. One µ g of RNA (aliquot of the sample RNA used for microarray experiment) was used to prepare first strand cDNA using 200 units of MMLV (Life Technologies), 1 µ M p(dN)6 primers, 250 µ M dNTP in a final volume of 20 µ l. One two-hundred-and-fortieth of the resulting cDNA was amplified using specific primers with an annealing temperature of 60 ° C. The Ct value was determined with the Sequence Detection System software. Levels of gene expression were normalized using BAT5, since its expression remained unaltered over the time-course in both irradiated and non-irradiated cells in microarray experiments. For Taqman assays, the primers were from Applied Biosciences: Hs00253558_m1 (BAT5), Hs00602774_m1 (ASAH1), Hs00428725_m1 (DPF2), Hs00248055_m1 (MTCH1), Hs00201114_m1 (NUPL2), Hs00230241_m1 (SESN2) and Hs00172214_m1 (TOP2A). the analysis steps for the selection of IR-responsive genes and the assignment of genes to the differential response (i.e. cell-type specific) or the identical common response (identical expression profiles). Among the 3790 genes and ESTs which had positive signal on the arrays, 924 genes were selected on the basis of their invariant expression over time in controls (non-irradiated WT and AT cells). A total of 372 genes whose expression was significantly different from controls at least once during the time-course were identified as IR-responsive genes for both cell lines. The responding genes were assigned to three categories. The numbers in the bar indicate the number of genes that are deregulated in one cell line (grey), exhibiting a different expression profile between the two cells (hatched) or a similar expression profile (white). The number in brackets indicates the number of genes of known function. For SYBR Green PCR assays, the following primers were used: BAX-sense: caaactggtgctcaaggccc, BAX-antisense: gcactcccgccacaaagatg; CDKN1A-sense: atgtggacctgtcactgtcttg, CDKN1A-antisense: aagatgtagagcgggccttt.
RESULTS

Phenotypic response to irradiation of wild-type cells and AT cells
To compare the transcriptional response to equitoxic doses of radiation for wild-type (WT) and AT (AT) cells, preliminary experiments using doses from 0.5 Gy to 4 Gy indicate levels of radio-induced cell death and G2/M arrest that were similar in WT and AT cells irradiated with 4 and 1 Gy, respectively (Fig. 1) . As shown in Fig. 2A , cell growth of both cell lines was slowed until 120 h after exposure to equitoxic doses. WT cells exhibited a significant level of cell death from 24 h after exposure, whereas cell death of AT cells was delayed and visible only at 72 h (Fig. 1B) . At later times after radiation, the level of cell death was similar in WT and AT cells exposed to 4 and 1 Gy, respectively. These data confirm the hyper-radiosensitivity of AT cells.
Cell cycle analysis was performed 8, 24, 48 and 72 h after exposure to the equitoxic doses of 4 and 1 Gy for WT and AT cells, respectively (Fig. 3) . Evidence for a G2/M block was observed from 8 h after IR for WT cells as compared to 24 h for AT cells. Besides this delayed arrest in G2 phase for AT cells, the percentage of cells blocked in G2/M was quite similar in both cells, reaching 40% 24 h after exposure, i.e. a 4-fold increase over control cells. In both cells, the percentage of G1 phase cells decreased within the first 24 h, as a result of the G2 block, then slightly increased until 72 h. However, WT cells appeared to be delayed in G1 phase as shown by the level of S-phase cells which remained two-fold lower than that of non-irradiated cells from 8 h to 72 h. In contrast, AT cells were not delayed, as indicated by the unchanged level of S phase cells and the high decrease in G1 cells as compared to non-irradiated cells. These data indicate that AT cells exhibited the radiation response commonly described for ATM-deficient cells: defective arrest in G1, no delay in the passage through S phase and delayed arrest in G2 phase, whereas WT cells exhibited a classical double block in G1 and G2 after radiation exposure.
Owing to cell death and G2 block after radiation exposure, 4 and 1 Gy induced similar phenotypic consequences in WT and AT cells, respectively. These doses were thus cho- Fig. 5 . Comparison of the distribution into functional categories of genes differentially expressed in WT and AT cells exposed to equitoxic doses of radiation. The differential response included 52 and 126 genes for WT (4 Gy) and AT (1 Gy), respectively. The functional categories of IR-responsive genes showing significant differences between WT and AT cells in terms of distribution are indicated with a circle. The significantly under-or over-represented categories in WT and/or AT cells as compared to the total number of genes with positive signal (1645 genes) are also indicated with an asterisk. Comparison was carried out using a Chi2 test of independence (P < 0.05). sen to compare transcriptional response between these cells.
Radiation-induced changes in gene expression in wildtype cells and AT cells
Transcription profiles were established from RNA isolated 2 h, 4 h and 24 h after irradiation and compared with the respective profiles established for control cells (non-irradiated). To simplify the comparison of the transcriptional response to radiation between WT and AT cells, the analysis was restricted to the 924 genes showing an invariant expression profile in both non-irradiated controls (Fig. 4) . Among these 924 genes, significant changes in expression level at least once over the time-course were observed for 126 genes and 300 genes in irradiated WT and AT cells, respectively, 54 IR-responsive genes being common to both cell lines. However, only 17 out of the 54 genes exhibited an identical expression profile. A high proportion of genes was thus differentially regulated after radiation between WT (87%, 109 genes) and AT cells (94%, 283 genes), revealing that the transcriptional response was highly specific according the ATM status. Up-regulated and down-regulated accounted for 45% and 51% in WT cells, and 45% and 53% in AT cells, the remaining genes (4% and 2% for WT and AT cells, respectively) showed changes in both directions at various times points after exposure.
Gene function is known for about 45% of the 3790 genes on the array. Among the IR-responsive genes differentially expressed, 52 and 126 genes have known functions in WT and AT cells, respectively. We classified these IR-responsive genes into functional categories on the basis of biological function obtained from the Gene Ontology Consortium ( Table 1) . The same was done for the 1645 genes for which the expression level could be quantified. Comparison of the distribution into functional categories between IR-responsive genes and the 1645 genes with positive signals indicates that radiation affects all the cellular processes / pathways with two predominant functional groups significantly more altered: RNA processing pathways and stress response (p < 0.05) for both WT and AT cells (Fig. 5) . Moreover, the significantly higher proportion of genes in WT cells than in AT cells (7 / 52, 13.5% versus 8 / 126, 6.3%, p < 0.05) indicates that the stress response was specifically affected in WT cells.
Quantitative RT-PCR was performed for several genes. As indicated in Table 2 , concordant results were obtained with both techniques. It should be mentioned that the CDKN1A gene was not on the array and was also assessed by quantitative RT-PCR, owing to its key role in the cell cycle control after irradiation. After equitoxic doses, the expression of this gene was increased in both cells. However, in AT cells, the induction was delayed as compared to WT cells, a feature commonly described for AT-deficient cells. 3) The delayed induction of another p53 responsive-gene, SESN2 gene 19) also observed in microarray experiments was confirmed by quantitative RT/PCR ( Table 2) .
DISCUSSION
The aim of this work was to look for ATM-dependent and independent alterations of gene expression induced by equitoxic doses of IR using cDNA microarray. The technology of cDNA microarrays has been successfully used in studying radio-induced changes of the expression of thousands genes at the same time. 20, 21) Current knowledge on ATM-dependent gene expression changes in response to radiation comes from a large number of studies of a limited number of genes and very few global analyses. Data presented here reveal a majority of IR-responsive genes whose expression was differentially altered between WT and AT cells, since the number of genes with similar expression profiles was limited to 17 genes out of the 126 and 300 deregulated genes in WT and AT cells, respectively (Fig. 4 ). This differential response included 52 and 126 genes with known function for WT and AT cells, respectively. Whereas cells were exposed to equitoxic doses, these distinct patterns of transcriptional response between irradiated WT and AT cells suggest that different molecular mechanisms are likely triggered after irradiation according to ATM status.
All the biological functions were affected by radiation Table 3 . Genes involved in growth or apoptosis differentially expressed in WT and AT cells after exposure to equitoxic doses. The term "consequences" indicates the resulting effect on growth and apoptosis expected from the observed alterations in gene expression (A and R mean activation and repression, respectively). 5) . Analysis was first focused on genes involved in cell cycle/growth and apoptosis to look for the relationship between the transcriptional response and the phenotypic response of irradiated cells. Owing to the large number of genes and for practical purposes, an index of cell growth and an index of apoptosis were assigned to each cell line. These indices were calculated by the ratio of the number of genes whose regulation led to growth stimulation (or apoptosis) / number of genes whose regulation led to growth inhibition (or apoptosis). Gene products were considered as positive or negative regulators of growth or apoptosis according to published data gene function. For each gene, the resulting effect from the transcriptional alterations: activation (A) and repression (R) of growth (or apoptosis) is indicated in Table  3 . The growth indices were 0.2 and 0.6 for WT and AT cells, respectively, indicating that transcription alterations would induce stronger growth inhibition in WT cells than in AT cells. This could be consistent with the delayed G2/M block in AT cells and the G1/S arrest only detected in WT cells ( Fig. 3 ). As the index of apoptosis was 2.7 and 1 for WT and AT cells, respectively, data suggest that WT cells were more prone to cell death by apoptosis than AT cells. It should be mentioned that we observed a delayed induction of cell death which was visible at 72 h for AT cells as compared to WT cells (Fig. 2) , whereas changes in gene expression were studied within the first 24 h after irradiation. Otherwise, the ability of AT cells to undergo radio-induced apoptosis appears to be dependent on the cell model (transformed or primary cells) and cell type. 22, 23) For lymphoblasts, it has been reported that the extreme sensitivity of AT cells would be more likely a consequence of necrotic death because ATM protein is required for radio-induced apoptosis. 24) This would explain the difference between the indices of apoptosis in WT and AT cells. Besides these differences in cell growth and apoptosis, other biological processes including the response to stress, protein synthesis, RNA processing and lipid metabolism appeared to be differentially altered in WT and AT cells. The proportion of IR-responsive genes associated with the response to stress was two-fold higher in WT than in AT cells (7 / 52, 13.5% versus 8 / 126, 6.3%). Most of these genes participate in the response to oxidative stress (WT cells: EPHX1, GLO1, TXNIP; AT cells: ACY1, ALDH4A1, GSTP1, PEX12, SESN3, TALDO1; both cells: PON2, SESN2). For WT cells, a high proportion of such responding genes is not surprising since IR produces large amounts of reactive oxygen species. In contrast, for AT cells, the proportion of this group of genes was lower (6.3% versus 10%). This difference could be linked to the previously described chronic state of oxidative stress which would prevent AT cells from activating the stress response-mediated pathways in response to IR. 25) Control of protein synthesis was particularly affected in AT cells. We observed the induction of GRSF1 (positive regulator of translation), 26) HARS encoding a tRNA synthetase and the ribosomal proteins, RPL22 and RPL15, as well as the repression of PUM1 (translation inhibitor) 27) and UNR which encodes a trans-acting factor of the IRES-dependent translation. 28) These transcriptional changes could be consistent with an activation of the cap-dependent translation in AT cells. In this context, it should be noted the induction of genes related to RNA processing, involved in splicing (RBM10, SNRBP2, SNRPC), mRNA quality control (G3BP), tRNA processing (POP7) or RNA transport (182-FIP, RAE1) in AT cells, whereas, three genes encoding splicing factors (c15orf12, RBM10 and SNRPB) were repressed in WT cells. The latter observation is in agreement with those previously reported by Jen et al. who described a decreased expression of RNA processing genes in lymphoblastoid cells exposed to 3 Gy of γ-rays. 29) Furthermore, the observed changes in AT cells were mainly induction supporting the activation of RNA processing after irradiation in AT cells. Furthermore, there were several alterations in transcript levels of genes participating in lipid metabolism and particularly in cholesterol homeostasis in irradiated AT cells. The repression of five genes involved in cholesterol biosynthesis (HMGCR, MVD, SC5DL), transport (SCARB1) and homeostasis (INSIG1), would lead to a decreased intracellular level of cholesterol in AT cells. 30) With respect to these observations, a link between cholesterol and radiosensitivity has been postulated: protective action of cholesterol against radio-induced lipid peroxidation 31) as well as increased radiosensitivity in the absence of cholesterol biosynthesis. 32) Further analysis would be necessary to see whether or not such radio-induced repression of cholesterol biosynthesis plays a role in the extreme radiosensitivity of AT cells.
In conclusion, the comparison between the transcriptome profiles of irradiated AT and wild-type cells reveals that irradiation led to a differential response according to ATM status. Besides the findings indicating a correlation between the phenotypic response to radiation and the transcriptional alterations of several genes involved in growth and apoptosis, these data also suggest that certain pathways were specifically affected after irradiation in AT cells, i.e. mRNA processing, protein synthesis and lipid metabolism. To our knowledge, these biological functions have never been studied when analyzing the cellular response to radiation and further experiments are needed to see whether the differential alterations in gene expression in these unexpected biological functions are relevant to cellular radiosensitivity.
